Abstract. Thiazolidinediones are ligands of PPAR-γ, a member of the nuclear receptor family. These drugs have shown promising pre-clinical activity in tumor models but clinical studies failed to confirm their beneficial effect. We have studied the in vitro antitumor effects of a combination of ciglitazone, a thiazolidinedione drug, and lovastatin, an inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A reductase. We observed a marked synergism in several different tumor cell lines resulting from both inhibition of cell proliferation and induction of apoptosis. These results strongly suggest that combining PPAR-γ agonists with statins can produce significant antitumor effects.
Introduction
Peroxisome proliferator-activated receptor γ (PPAR-γ) is a member of a nuclear hormone receptor family and is a ligandactivated transcription factor (1) . Long-chain polyunsaturated fatty acids, arachidonic acid metabolites such as 15-deoxy-Δ 12,14 -prostaglandin J 2 (15-PGJ 2 ) and fatty acid-derived components are natural ligands of PPAR-γ. On ligand binding PPAR-γ forms a heteromeric complex with retinoid X receptor (RXR) and binds to specific recognition sequences, the peroxisome proliferator response elements, located within promoters of target genes that regulate proliferation, terminal differentiation, apoptosis and angiogenesis (2) . Synthetic ligands of PPAR-γ receptors include anti-diabetic thiazolidinedione drugs such as troglitazone, rosiglitazone, pioglitazone and ciglitazone as well as some non-steroidal anti-inflammatory drugs such as indomethacin, ibuprofen or fenoprofen (3) . Although adipocytes express the highest levels of PPAR-γ, the receptor is also expressed in many other tissues and cell types and in many types of cancer. Thiazolidinediones have shown promising cytostatic/cytotoxic effects against cancer cells in vitro and in vivo (1, (3) (4) (5) . Although the mechanisms of these effects have not been completely elucidated several lines of evidence indicate that thiazolidinediones can increase the levels of cyclin-dependent kinase inhibitors such as p21 Waf1 and p27 Kip1 , thereby halting cell cycle progression (6) (7) (8) . Additionally, thiazolidinediones have been shown to induce apoptosis of tumor cells, associated with caspase-3 activation and decreased expression of anti-apoptotic proteins BCL-2 and BCL-X L (9, 10) . Also DNA microarray analysis of gene expression profiles in thiazolidinedione-treated tumor cells revealed PPAR-γ targets associated with growth regulatory pathways (11) .
Statins are inhibitors of 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) reductase, a rate-limiting enzyme in a metabolic pathway of cholesterol biosynthesis (12, 13) . By inhibiting synthesis of mevalonic acid, an essential precursor of isoprenoid compounds, dolichol, and ubiquinone as well as farnesyl and geranylgeranyl groups required for posttranslational modification of many proteins including Ras/ Rho superfamily members, statins exert pleiotropic biologic effects. Although statins are commonly used in the management of hypercholesterolemia and cardiovascular diseases, recent preclinical observations indicate that these drugs can also exert direct antiproliferative and pro-apoptotic effects against tumor cells (12) (13) (14) . Accordingly, several clinical studies were undertaken to investigate both chemopreventive and direct antitumor effects of statins. Although some studies indicated that statins can decrease the risk of development of several types of cancer (15, 16) , recent meta-analyses do not show unequivocal beneficial effects of these drugs as far as cancer incidence is concerned (17) (18) (19) . Similarly, clinical trials did not show any significant antitumor effects of statins (20) (21) (22) . It seems that statins are unlikely to become antitumor drugs. Nonetheless, they are among the most frequently prescribed therapeutics used by elderly patients for the management of cardiovascular diseases. Because of their age these patients are also at an increased risk of developing cancer. Therefore, any combination treatments with statins characterized by potentiated antitumor effects are being studied. We have studied the cytostatic effects of statins used together with ciglitazone, a PPAR-γ agonist.
Materials and methods
Tumors. Panc 02, murine pancreatic carcinoma cells were kindly obtained from Carsten Ziske (Rheinische FriedrichWilhelms-Universität, Bonn, Germany). Murine mammary tumor EMT6, murine colon adenocarcinoma C-26, human mammary adenocarcinoma MDA-MB-361, human pancreatic cancer MIA PaCa-2 and human osteosarcoma MG-63 cell lines were obtained from ATCC. Cells were cultured in RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) or Dulbecco's modified Eagle's medium (DMEM; SigmaAldrich), supplemented with 10% heat-inactivated fetal calf serum (FCS), and antibiotics (all from Gibco BRL, Paisley, UK), hereafter referred to as culture medium. Cells were maintained in a humidified 5% CO 2 atmosphere at 37˚C.
Drugs and reagents.
Ciglitazone was purchased from A.G. Scientific Inc., San Diego, CA, USA. It was diluted in dimethyl sulfoxide (DMSO; Sigma-Aldrich) to a final concentration of 50 mM. Lovastatin was obtained from Merck & Co., Inc., Whitehouse Station, NJ, USA and was stored as a 10-mM stock. It was obtained in the inactive lactone form that was converted to the active form as described (23) . Stock solutions were aliquoted and stored at -20˚C.
Cytostatic/cytotoxic assay. The cytostatic and/or cytotoxic effects of combination treatment were measured using crystal violet staining as described (24) . Cells were dispensed into a 96-well flat-bottomed microtiter plate (Nunc, Rochester, NY, USA) at a concentration of 3x10 3 cells/100 μl/well and allowed to attach overnight. Then, the cells were treated for 48 h with the different ciglitazone and lovastatin concentrations alone or in combinations. The dose of DMSO equal to the highest concentration of DMSO used as a dissolvent of therapeutics did not exert any biological effects. After 48 h of incubation the medium was removed, and the wells were washed with PBS and stained with 0.5% crystal violet in 30% ethanol for 10 min at room temperature. The plates were washed four times with tap water. The cells were lysed in 1% SDS solution, and dye uptake was measured at 595 nm using an ELISA reader (BioRad 680XR microplate reader). Results are expressed as a mean compared to control ± SD. The relative viability was calculated as follows: relative viability = [(experimental absorbance -background absorbance)/(untreated control absorbance -background absorbance)] x100%.
Morphological observations. The morphology of Panc 02 cells was examined after 48 h of treatment directly on the plates by phase contrast microscopy (Nikon Eclipse TE2000-U connected to Nikon Digital Sight DS-U1 camera). For the examination of nuclear morphology, cells were stained with DNA fluorescent dye Hoechst 33342 (Sigma-Aldrich). The stock solution was dissolved 1:1 in ethanol and then in PBS without Ca 2+ , Mg 2+ to a final concentration of 0.1 mg/ml. Of the prepared solution, 300 μl was added to 3 ml of culture medium in each plate. Cells were incubated with dye at a temperature of 37˚C for 15 min. Medium containing Hoechst 33342 solution was removed and PBS was added. Morphology of nuclei was examined by fluorescent microscopy (Nikon Eclipse TE2000-U connected to Nikon Digital Sight DS-U1 camera).
Western blotting. For Western blotting studies, Panc 02 cells were cultured with ciglitazone at a concentration of 25 μM and lovastatin at concentrations of 0.25 and 0.5 μM. After 48 h of culture, the cells were collected and lysed as described previously (25) . Protein concentrations were measured with the use of Bradford's method (BioRad, Rockville, NY, USA). Equal amounts of proteins were separated on 12.5% SDSpolyacrylamide gel, transferred onto nitrocellulose membranes, blocked with TBST [Tris-buffered saline (pH 7.4), 0.05% Tween-20] with 5% nonfat milk and 5% fetal bovine serum. The primary antibodies were applied overnight at 4˚C at a dilution of 1:1000. Antibodies recognizing the following antigens were used: p21
Waf1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), p27
Kip1 (Cell Signaling Technology Inc., Beverly, MA, USA), and PARP (Santa Cruz Biotechnology Inc.). Anti-α-tubulin specific antibody (Santa Cruz Biotechnology Inc.) served as a protein loading control. After extensive washing with TBST, the membranes were incubated for 45 min in corresponding horseradish peroxidase-coupled secondary antibodies (ImmunoPure antibody goat anti-mouse and donkey anti-rabbit; Pierce, Rockford, IL, USA). The chemiluminescent reaction was developed using West Pico (Pierce) reagent. Densitometric analysis of scanned membranes was performed using ImageQuant 5.2 software (Amersham Bioscience, Piscataway, NJ, USA). The relative amount of the target protein was calculated by the following formula: density of the target band/density of the control band (α-tubulin or uncleaved PARP), and shown as percentage of control.
Flow cytometry. For the analysis of cell cycle Panc 02 cells were plated in Petri dishes (Nunc) and after the cell attachment drugs were added. After 48 h of incubation cells were collected, washed with PBS and fixed in ice-cold 70% ethanol in 50 mM PBS, pH 7.3, and kept at -20˚C until analyzed (up to 5 days later, not less than 1 day). Before the staining, cells were spun and washed twice with PBS. The cells were resuspended in 5 μg/ml propidium iodide (PI) in PBS with RNAse free from DNAse (1 μg/ml) and were incubated for 45 min at 37˚C. Cells were analyzed by FACS (Becton Dickinson, Franklin Lakes, NJ, USA). Fig. 1 . In all investigated cell lines the combination exerted potentiated cytostatic/cytotoxic effects as compared with single agenttreated cells over a wide range of concentrations studied. The resulting data were elaborated with a dedicated software CalcuSyn to verify potential synergistic interactions between the investigated agents using Chow and Talalay calculation. In this mathematical model, synergism can be defined when the combination index (CI) is <1.0 (when CI is <0.5 the synergism is defined as very strong). We have found that the combination of ciglitazone and lovastatin was highly synergistic when both drugs were used against Panc 02, C-26 and EMT6 cells. A synergistic interaction was also noted for MIA PaCa-2 and MDA-MB-361 cells with only a few drug combinations showing highly synergistic effects (Fig. 1) . In addition to cellular viability, the shrinkage morphology of Panc 02 cells treated with the combination of ciglitazone (25 μM) and lovastatin (used at both 0.25 and 0.5 μM concentrations) was markedly different from that of control cells or cells incubated with single agent only (Fig. 2) . Analysis of nuclear morphology by Hoechst staining (Fig. 3) revealed that combination of 0.5 μM lovastatin and 25 μM ciglitazone induced an apoptosis-like shrinkage of nuclei and chromatin condensation (Fig. 3F) . This phenomenon was not observed in control cells (Fig. 3A) , cells treated with ciglitazone (Fig. 3B) or lovastatin alone (Fig. 3C and E ) nor in cells incubated with ciglitazone and a lower (0.25 μM) lovastatin concentration (Fig. 3D) . These results suggest that there might be different mechanisms of cytostatic/cytotoxic effects with the combinations of drugs depending on lovastatin concentration. At lower lovastatin doses cytostatic effects dominate while at higher concentrations apoptotic cell death might occur.
To verify this hypothesis we performed FACS analysis of cell cycle distribution of Panc 02 cells using propidium iodide staining as well as Western blot analysis to gain insight into the expression of cell cycle-and apoptosis-associated proteins. The results shown in Fig. 4 corroborate previous findings. For the lower lovastatin concentration (0.25 μM) addition of ciglitazone (25 μM) increased the percentage of cells arrested in G1 phase of the cell cycle from up to 48% in single agent-treated cells to 61% in combination-treated cells. SubG1 phase consists of cells with abnormally low content of DNA which is mainly caused by DNA degradation during the apoptosis process and thus might represent apoptosis induction. Lovastatin at a 0.5-μM concentration increased the percentage of cells in subG1 phase from 3% in controls to 21%. Co-incubation of Panc 02 cells with 0.5 μM lovastatin and ciglitazone at a concentration of 25 μM that only insignificantly increased the number of cells in subG1 (from 3% to 7%) resulted in accumulation of cells with a decreased DNA content in >37% of cells.
To elucidate these observations further we assessed the expression of p21
Waf1 and p27 Kip1 , the inhibitors of cyclindependent kinases. A 48-h incubation of Panc 02 with ciglitazone (25 μM) and lovastatin (0.5 and 0.25 μM) alone did not influence p27
Kip1 level, as determined by Western blotting (Fig. 5A) . The combinations of both agents resulted in 2.8-fold up-regulation of p27
Kip1 when lovastatin was used at a 0.25-μM concentration and almost a 2-fold increase when lovastatin was used at a higher concentration of 0.5 μM. p21 Waf1 levels increased in groups treated with both doses of lovastatin but in cells co-treated with ciglitazone the level remained unaffected in comparison to cells incubated with agents in monotherapy.
To investigate whether the DNA loss observed in flow cytometry analysis was related to apoptosis induction we examined PARP cleavage in Panc 02 cells co-incubated with lovastatin (0.5 μM) and ciglitazone (25 μM). As shown in Fig. 5B the ratio of cleaved 85-kDa form of PARP to uncleaved 116-kDa form was 1.8-fold higher for the combination of 0.5 μM lovastatin and 25 μM ciglitazone. The ratio was not increased in any other incubation group. 
Discussion
It has recently been demonstrated that lovastatin significantly potentiates antitumor effects of troglitazone against lung, prostate, pancreas, and uterine cancer cells as well as against glioblastoma cells in vitro (27) . Here we have extended these studies by showing that lovastatin can also effectively potentiate cytostatic/cytotoxic effects of ciglitazone, another thiazolidinedione against mammary, colon, and pancreas carcinomas and, to a lesser degree, against osteosarcoma cells (data not shown). Interestingly, we did not observe any cytostatic/cytotoxic interaction between lovastatin and pioglitazone, other PPAR-γ agonist (data not shown). Thiazolidinediones have recently been demonstrated to exert potent cytostatic/cytotoxic effects in vitro and in vivo in different tumor models (3) (4) (5) . These drugs were shown to induce accumulation of cyclin-dependent kinase inhibitors such as p18 INK4C , p21 Waf1 and p27 Kip1 (7, 8, 28, 29) . PPAR-γ agonists were also able to decrease expression of cyclin D1 and inhibit the activity of CDK2, CDK4 and CDK6 (30) . Moreover, several recent observations indicate that activation of PPAR-γ is associated with inhibition of phosphatidylinositol 3'-kinase (PI3K)/Akt activity, an effect that might be directly related to thiazolidinedione-induced stimulation of PTEN expression (31) (32) (33) . Similarly, statins were shown to interfere with cell cycle progression by affecting the expression levels and activity of CDKs and their inhibitors (34) (35) (36) . We observed that although ciglitazone at a dose of 25 μM did not affect expression levels of p21
Waf1 and p27 Kip1 it significantly increased expression of p27
Kip1 when combined with lovastatin at 0.25 μM. At a higher lovastatin concentration (0.5 μM) pancreatic tumor cells revealed morphologic and biochemical markers of apoptosis. The mechanisms responsible for these observations are perhaps multifactorial. Both statins and PPAR-γ agonists were previously shown to exert pleiotropic effects in cells. For example, statins by inhibiting posttranslational prenylation of numerous proteins such as Ras/Rho family members can influence important signal transduction pathways affecting gene expression (37) . Being activators of transcription factors PPAR-γ agonists naturally increase expression of numerous target genes relevant to differentiation (3) . Both statins and PPAR-γ agonists were also shown to inhibit the activity of proteasome thereby post-translationally regulating the levels of a number of proteins (38, 39) . Therefore, because of such pleiotropic effects exerted by these drugs the detailed molecular mechanisms of the observed interaction will be difficult to pinpoint.
Both statins and thiazolidinediones have also been demonstrated to exert additional antitumor effects, such as inhibition of angiogenesis and tumor cell invasiveness, that should encourage further studies of this combination (40) (41) (42) (43) . It should also be emphasized that both statins and thiazolidinediones have already been used in humans for many years, showing not only clinical efficacy but also safety. Moreover, the combination of simvastatin and pioglitazone has recently been shown to produce potentiated anti-inflammatory effects in non-diabetic patients with cardiovascular disease and elevated high-sensitivity C-reactive protein (hs-CRP) levels (44) . The combined regimen was both effective and safe. As chronic inflammation is inadvertently associated with tumor progression these studies provide additional rationale for testing the combination of statins and thiazolidinediones in preclinical tumor models before launching clinical trials.
